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The purpose of this study was to examine and compare the correlation between the 
compressive strength of a mass concrete mix and that concrete’s dynamic properties, 
specifically, shear wave velocity.  Several methods, including static and dynamic tests, 
were used to determine the concrete’s physical properties of compressive strength, 
modulus of elasticity, both static and dynamic, and shear wave velocity. 
 
It has been found that, for the specific concrete analyzed, there is a correlation between 
the compressive strength and dynamic properties as well as a correlation between the 
static and dynamic moduli.  The data found in this study shows that dynamic properties 
of this concrete mix can be determined and obtained through the use of standard tests and 
attainment of adequate compressive strength, respectively. 
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Mass Concrete is being used for the foundation of a large industrial facility.  
Mass concrete is defined in ACI 116R as “any volume of concrete with 
dimensions large enough to require that measures be taken to cope with 
generation of heat from hydration of the cement and attendant volume change, 
to minimize cracking.”  The soil structure interaction developed during the 
design of the facility assumes that the foundation must attain specific shear 
wave characteristics.  Such characteristics are necessary in order for the 
foundation to meet acceptable structural criteria during the design basis 
earthquake.  The design specifications for the foundation require a relatively 
crack free placement to ensure that the required shear wave velocity is 
achieved.  Thus, for the construction of the foundation, specifications were 
developed to ensure that the mix design, placement sequence, curing methods, 
and curing times of the concrete are performed to standards that would best 
ensure that the foundation is virtually crack free and the required shear wave 
velocity is met.  The specifications for the foundation also require the 
foundation material to be placed on 50 blow count sub-grade material as 
defined by the Standard Penetration Test (SPT) for the designed soil structure 
interaction to be correct.  In order to attempt to ensure that the concrete mix 
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design and concrete placement strategy chosen can adequately produce a 
relatively crack free placement and achieve the required shear wave velocity, 
a test placement was made.    
 
A Mass Concrete Fill (MCF) Test Pad was placed near Knoxville, TN in 
February, 2005.  The concrete mix used for the placement was identical to that 
used for the foundation of the facility.  The foundation for which the mass 
concrete will be used will consist of approximately 50,000 cubic yards of 
concrete which are to be placed in 3’ deep lifts of different lengths and widths.  
Thus, in order to mimic the foundation lifts, the Test Pad was constructed of 




The purpose of the Test Pad was to provide evidence of the static, dynamic, 
and thermal properties of the concrete placement as a function of time.  The 
tests performed and data recorded from the Test Pad will contribute to the 
evaluation of the performance of the foundation’s MCF to determine if it is 
within acceptable ranges with regard to geophysical performance.  The 
foundation specifications require a shear wave velocity of 6000 fps and a 
compressive strength of 2500 psi.  Also, the specifications require that 
thermocouples, small mechanical thermometers capable of being placed 
within a concrete pad and read at specific intervals, be placed at depths of 2” 
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and 18” in various locations throughout the MCF.  In accordance with the 
specification, there can be no more than 20 degrees Fahrenheit difference 
between any pair of thermocouples.  The data gathered during the testing of 
the Test Pad will be used for the purpose of ensuring that these specifications 
are met during the placement of the foundation.  The data will also contribute 
to a better understanding of the temperature rise and fall during the curing 
process of the foundation’s MCF.   
 
The test results are expected to document that the compressive strength of the 
foundation’s specific concrete mix design is correlated to the concrete’s 
physical properties of Shear Modulus, G, and Young’s Modulus, E, as a 
function of time.  Also, the data collected from thermocouples will provide 
data to determine whether there is a potential for long term or short term 
cracking in the Test Pad due to excessive thermal gradients between areas of 
mass concrete that could adversely affect the concrete’s physical properties.  
The data collected from the Test Pad, and subsequent tests on the Test Pad, 
will be used to determine these correlations in order to provide a quality 
assurance program for the foundation’s MCF.  This program will attempt to 
ensure that the shear wave velocity of the MCF can be determined and 
controlled by providing adequate concrete compressive strength, and also by 
controlling the temperature gradients of the concrete as the MCF is placed.  
The tests may also indicate that additional data regarding temperatures within 
the MCF will be needed to confirm that the temperature gradients of the 
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concrete, as the foundation’s MCF is placed, are not such that internal 






The objective of the Test Pad was to mimic the concrete placement 
techniques, placement size, and curing methods used in the 
foundation’s MCF in order to attempt to gain an understanding of the 
geophysical and thermal properties of the MCF.  Thus, the Test Pad 
consisted of two lifts of similar size to those to be used in the 
foundation.  Also, placement methods that will be used for the 
foundation were used to place the concrete for the Test Pad.  During 
placement of the Test Pad, all cylinders used for testing were cast. 
 
Thermocouples were placed at locations in the Test Pad in order to 
measure temperature as a function of time and also to attempt to 
ensure that the temperature between any pair of thermocouples did not 
exceed 20 degrees Fahrenheit.   
 
The placement of the Test Pad, casting of cylinders, and placement 





The following tests were performed on the concrete test cylinders cast 
during the placement of the Test Pad: 
 
• Concrete compressive strength tests  
• Resonant column tests  
• Static Young’s Modulus and Static Poisson’s Ratio tests  
 
Dynamic Young’s Modulus, dynamic Poisson’s Ratio, and dynamic 
shear modulus were determined empirically from the data gathered 
during the resonant column tests.  From these data, the shear wave 
velocity of the concrete samples gathered was determined.   
 
The following tests were performed on the Test Pad: 
 
• Spectral Analysis of Surface Wave (SASW) Geophysical Testing  
• Crosshole Seismic Testing  
 
SASW and crosshole seismic tests were performed in order to measure 
the shear wave velocity of the mass concrete placed in the Test Pad 





Although thermocouple data were reported in association with the Test 
Pad, this study does not include that data or any data associated with 
the thermal properties of the Test Pad. 
 








The topics discussed within this thesis are concerned with dynamic properties 
of a specific concrete mix.  The concrete design of interest is a mix that has 
been designed for a mass concrete fill.  Although the concrete mix has been 
designed for mass concrete, the testing performed was typical of a 
nondestructive method that would be performed on concrete from any 
concrete mix, given the demand.  Thus, the materials discussed within this 
chapter are the methods of nondestructive and dynamic testing of concrete 
that have been used to gain data concerning the dynamic properties of 




In 1877, Lord Rayleigh11 reported “the mathematical relationships existing 
between the velocity of sound through a specimen and its resonant frequency 
and the relationship of these two to the modulus of elasticity of the material” 
The relationship between the resonant frequency and the dynamic modulus of 
elasticity was thus found.  In this case the resonant frequency referred to 
above is the longitudinal resonant frequency (Malhotra6).  The value of the 
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modulus of rigidity, or shear modulus, is “determined from the resonant 
frequency of torsional vibration” (Neville7).   
 
In 1938, T.C. Powers10 laid the groundwork for dynamic testing of concrete 
samples.  He was able to determine the resonant frequency of concrete 
samples, usually 2 x 2 x 9 ½,” by supporting the sample at its nodal points 
(1/3 and 2/3 of the length of the specimen), striking it with a hammer, and 
matching the musical tone produced with a calibrated tone source.  Powers10 
used a set of Deagan orchestra bells and a homemade sonometer for the tone 
source.  He found that the error likely to occur using the bells was of the order 
of approximately 3% while the error using the sonometer was much less 
(Whitehurst18).  “In 1939 Hornibrook2 refined the method by using electronic 
equipment to measure the resonance.  Other early investigations on the 
development of this method included those by Thomson17 in 1940, by Obert 
and Duvall8 in 1941, and by Stanton14 in 1944 (Malhotra6).  In these tests, a 
sonometer was used to measure the resonant frequencies of the specimens 
involved.  These processes have evolved into a method that is approved by 
ASTM and designated as standard ASTM C215.   
 
In the late 1940s and early 1950s, Jones4 reported on the use of surface waves 
to determine the thickness and stiffness properties of pavements and 
underlying layers.  The method involved determining the relationship between 
the wave length and velocity of surface vibrations as the vibration frequency 
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was varied.  Until the early 1980s, this technique was used infrequently to 
measure concrete pavements, except the work performed by Jones.  However, 
researchers at the University of Texas, Austin, in the early 1980s, began 
studies of the surface wave technique using an impact method instead of a 
steady state vibrator like the one used by Jones4.  The relationship between 
wavelength and velocity was determined using a digital signal processor 
(Carino1).  This method was developed in order to determine the shear wave 
velocity and shear modulus profiles of geotechnical sites by utilizing surface 
waves of the Rayleigh type (Stokoe15).  Based on the SASW method, a 
process known as forward modeling is performed in order to determine the 
stiffness profiles of the measured material from the Rayleigh wave data 
gathered. 
 
The underlying theme in the nondestructive tests researched was to determine 
a resonant frequency or wave velocity.  Thus, it is evident that Rayleigh’s11 
fundamental principles of dynamic testing are correct in the assumption “that 
the modulus of elasticity of [a] medium can be related to either its resonant 
frequency or its density and velocity of sound through [a] medium” 
(Malhotra6). 
 
Crosshole seismic testing was performed on the test pad in order to have 
another measure of shear wave velocity to compare to the values obtained 
using the Resonant Column and SASW methods.  Crosshole seismic testing is 
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typically “limited to the determination of seismic shear waves at test sites 
consisting primarily of soil materials” (ASTM D4428).  Thus, little research 
has been performed on concrete materials using the crosshole seismic method. 
 
2.3 COMPARISON OF COMPRESSIVE STRENGTH TO DYNAMIC 
PROPERTIES 
 
The general theme that the dynamic properties of concrete cannot be 
compared to its strength is consistent throughout the reviewed literature.  
Neville7 writes: 
 
The dynamic modulus of elasticity [and other dynamic properties] 
calculated from the resonance frequency cannot be interpreted to 
represent the strength of concrete.  It is only under strictly limited 
circumstances of a single concrete mix that changes in strength can be 
inferred from changes in the value of the modulus. 
 
From his work in the 1950s, Jones3 writes: 
 
In spite of some of the promising results of the early investigations, it 
must be concluded that no general relation exists between the dynamic 




However, all research also agrees that given a specific concrete mix, the 
dynamic properties of a concrete can be correlated to the compressive strength 
as a function of time.   From the above statement, Jones3 also added that 
“limited correlations are obtained when the changes in dynamic modulus and 
strength are produced by changes in the age of the concrete, the degree of 
compaction, the water-cement ratio, or by deterioration.”  Jones3 found, 
during his work in 1953, that “a reasonably good correlation between 
compressive strength and pulse velocity can be obtained, but the correlations 
will be significantly different if the mix proportions of the concrete are 
changed.”  
 
Also, tests performed by Whitehurst18 in the late 1950s on 180 6 x 6 x 30” 
concrete prisms showed good correlation between the compressive strength 
and dynamic properties.  The cylinders consisted of a typical aggregate.  
However, four different types of portland cement were used, and the water 
cement ratio varied for three different mixes.  From each mix, 60 cylinders 
were cast.  “When the results of all the tests were combined, no usable 
correlation between compressive strength and pulse velocity could be 
established.”  However, if the age [was] taken as the variable and the mixes 
[were] considered separately, three reasonably good correlations [were 
found]” (Whitehurst18). 
 
Although there is no general relationship between the dynamic properties and 
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compressive strength of concrete, the two properties are correlated as a 
function of time given a specific concrete mix design. 
 
2.4 COMPARISON OF DYNAMIC MODULUS TO STATIC MODULUS 
 
Generally, the modulus of elasticity measured and used for design is the static 
modulus of elasticity measured using a compressometer in accordance with 
ASTM C469.  This static modulus of elasticity, or secant modulus, is 
determined experimentally.  As the stress increases, the slope of the secant 
modulus decreases.  Thus, when measuring the static modulus of elasticity, 
the stress at which the strain will be measured must be stated.   
 
During nondestructive tests, the modulus measured is almost purely elastic.  
This is due to the absence of significant applied stress and the lack of micro 
cracking induced creep.  In this case, a specimen could be loaded and 
unloaded without affecting the linear elastic properties of the material.  
Because the dynamic modulus refers to almost purely elastic effects, it is 
considered equal to the initial tangent modulus determined in the static test.  
This dynamic modulus is generally higher than the static, or secant, modulus 
for normal strength concretes.   
 
As the strength of the concrete increases, the stress strain curve becomes more 
nearly linear.  As this happens, the value of the secant modulus increases, and 
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the ratio between the dynamic modulus and the static modulus approaches 
unity (Neville7).   
 
Because the compressive strength of concrete increases with time, and 
modulus of elasticity is a function of the concrete’s strength, the relationship 
between static modulus and dynamic modulus also varies as a function of 
time.  The following observations were reported by Powers10, Stanton14, Witte 
and Price14, Philleo9, Sharma and Gupta13, Whitehurst18, and Klieger5 
(Whitehurst18): 
  
1. The dynamic modulus of elasticity is generally somewhat higher 
than the static modulus. 
2. As the age of the specimen increases, the ratio of static modulus to 
dynamic modulus also increases and more nearly approaches 1.0. 
3. For higher static moduli of elasticity, the values for both dynamic 
and static moduli of elasticity show close agreement.  
 
As the compressive strength of concrete increases with age, the static modulus 
of elasticity grows closer to the value of the dynamic modulus of elasticity.  
This is typical for all concretes.  Comparisons to the data found by Sharma 





PLACEMENT OF THE TEST PAD 
 
3.1 TEST PAD PLACEMENT 
 
The Test Pad was placed in two lifts.  The first lift was placed on February 4, 
2005 and the second lift was placed on February 11, 2005.  Similar to what 
will be done on the MCF foundation, each lift consisted of approximately one 
3’ placement of mass concrete.  The first lift of the Test Pad was 
approximately 20’ x 20.’  The second lift of the Test Pad was approximately 
26’ x 26,’ with a total pad thickness of approximately 6’ (Figure 3.1, 
Appendix A)  One section of the second lift was placed un-vibrated in order to 
attempt to determine the geophysical properties of concrete if it were placed in 
a worst case scenario (Figure 3.2, Appendix A). 
 
A conveyor system, identical to what will be used for the foundation’s MCF, 
was used to place the Test Pad (Figure 3.3, Appendix A).  The concrete 
arrived from a local batch plant via single 15 cubic yard (CY) concrete mixing 
trucks.  Each truck was loaded with approximately 8 CY of concrete.  Each 3’ 
placement was made in approximately 1’ lifts to ensure that adequate 
vibrating occurred in order to avoid honeycombing or other voids in the 
concrete.  Three 4” diameter vibrators were used by separate crews (Figure 
3.4, Appendix A).   
 
15 
Between the sections of vibrated and un-vibrated concrete, a vertical stay-
form barrier was placed (Figure 3.5, Appendix A).  The stay-form is a slotted 
steel material manufactured in order to provide a shear transfer between large 
lifts of concrete.  This barrier is identical to what will be used between 
placements of the foundation’s MCF. 
 
Schedule 40 steel pipes, 3.5” nominal (4” OD), were used to form the holes 
for the crosshole seismic tests (Figure 3.6, Appendix A).   These pipes were 
coated with a lubricating substance and rotated daily to ensure that they did 
not bond with the surrounding concrete (Figure 3.7, Appendix A). 
 
There were seven concrete trucks carrying 8 CY used to place the first lift of 
the Test Pad.  Tests for slump, unit weight, water/cement ratio, and 
temperature at the point of placement were taken.  The data for the first 
placement are shown in Table 3.1, Appendix B. 
 
There were nine concrete trucks carrying 8 CY used to place the second lift of 
the Test Pad.  Again, tests for slump, unit weight, water/cement ratio, and 
temperature at the point of placement were taken.  The first two trucks were 
dispatched in order to place the un-vibrated section of concrete.  The data for 





3.2 CASTING OF CONCRETE CYLINDERS 
 
A total of 36 standard concrete cylinders (6” x 12” long) and two 24” x 48” 
long cylinders were made for the first 3’-0” placement of the Test Pad.  A 
total of 40 standard concrete cylinders (6” x 12” long) and four 24” x 48” long 
cylinders were made for the second 3’-0” placement of the Test Pad.   Four 
standard concrete cylinders were un-rodded (Figure 3.8, Appendix A) and two 
large cylinders were cast un-vibrated from the second placement (Figure 3.9, 
Appendix A).  Thirty two of the standard concrete cylinders from the first lift, 
and 36 from the second lift to include the four un-rodded samples, were 
standard cured in accordance with Section 10.1 of ASTM C31, Standard 
Practice for Making and Curing Concrete Test Specimens in the Field (Figure 
3.10, Appendix A).   The remaining four standard concrete cylinders and all 
24” x 48” long cylinders from each lift were field cured in accordance with 
Section 10.2 of ASTM C31 (Figures 3.11-3.12, Appendix A).  These cylinders 
provided a correlation of the dynamic properties indicated by the Resonant 
Column Tests between field cured samples and standard cured samples. 
 
All standard cured cylinders were made using the wet sieve method defined 
by ASTM C172, Standard Practice for Sampling Freshly Mixed Concrete in 
which all course aggregates larger than 2” in diameter are removed from the 
mix before the cylinders are rodded (Figure 3.13, Appendix A).  The 24” x 
48” long cylinders were cast in Sonotube and placed using similar vibrating 
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and placing techniques as the Test Pad (Figure 3.14, Appendix A).  Sonotube 
is a cardboard type material typically used for casting of concrete footings.  
These cylinders provided a correlation of the dynamic properties indicated by 
Resonant Column tests between samples with and without the large aggregate, 




MIX DESIGN AND TEST PLAN 
 
4.1 MIX DESIGN 
 
4.1.1 Concrete Mix Design 
 
As stated by ACI 207, the Mass Concrete Committee, “the objective of 
mass concrete mix proportioning is the selection of combinations of 
materials that will produce concrete to meet the requirements of the 
structure with respect to economy, workability, dimensional stability 
and freedom from cracking, low temperature rise, [and] adequate 
strength.”  Thus, the proportions for the foundation’s MCF concrete 
mix were designed specifically to produce a very low heat of hydration 
in order to reduce cracking and attempt to ensure that the required 
shear wave velocity is attained.   
 
Type II portland cement was used for this mix.  Type II portland 
cement is suitable for mass concrete construction because it has a 
moderate heat of hydration to control cracking.   
 
In order to reduce the heat created by the exothermic reaction between 
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water and cement, the mix was designed to contain as little cement as 
possible.  Thus, 35% by weight of the cementitious material is 
designated as pozzolans (fly ash).  Also, theoretically, the larger the 
maximum aggregate size, the less cement is required in a given 
volume of concrete to achieve the desired quality (Neville7).  Thus, a 
large amount of #1 stone, defined as aggregate ranging in size from 3 
½” – 1 ½” by ASTM C33, Standard Specification for Concrete 
Aggregates, is included in the mix proportions.   
 
The mix is a 2500 psi, non air entrained, normal weight concrete with 
material proportions per cubic yard of concrete shown in Table 4.1, 
Appendix B.  The mix designed, in the author’s opinion, should have 
been designed with air entrainment in order to allow the relief of 
“pressures of volume change inherent in concrete and [to] prevent 
external and internal damage” such as cracking.  “Usually the normal 
dosage of 1 fluid ounce per 100 lbs. of cement will result in the range 
of acceptable percentage,” which is usually between 3% and 6% 
(Ropke12). 
 
The mix design water cement ratio is 0.53 and the specified slump is 




A sample of the mix was batched in order to gain average properties of 
the concrete. In standard compression test results the average 28 day 
compressive strength for the mix was 5505 psi.  The average 28 day 
shear wave velocity, reported by The University of Texas, Austin after 
conducting Resonant Column tests on cylinders made from the same 
mix design, was 8,579 fps. 
 
4.1.2 Concrete Workability 
 
The large amount of #1 stone in the mix posed a problem with regards 
to workability.  Prior to the placement of any of the foundation’s MCF, 
the contractor was required to provide evidence that the mix design 
proposed could actually be placed efficiently and effectively.  At first, 
this posed a problem.   
 
Originally, at the batch plant, all of the #1 stone was being placed in 
the drum of the concrete truck followed by the addition of the water 
and finally, the remaining portions of the mix were added.  The #1 
stone allowed the water to flow to the bottom of the truck, acting like a 
French drain, thus preventing the water from adequately mixing with 
the remaining portions of the mix.  As a result of the lack of mixing, 
the concrete was segregated.  Thus, when the concrete was dispatched 
it was placed in sections of dry large aggregate, wet pasty cement, and 
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some correctly proportioned concrete. 
 
The contractor performed 9 trial concrete batches to attempt to 
discover the most efficient mixing/placing strategy.  In each trial, the 
concrete truck was loaded with 9-10 CY of the proposed mix, mixed at 
various speeds and number of revolutions, and then dispatched.  The 
details of each specific trial are shown in Table 4.2, Appendix B.  The 
results for the trials are shown in Table 4.3, Appendix B. 
 
From the trial mixes, the contractor decided to use a variation of trial 
9.  During the first placement of the Test Pad, the concrete was 
batched with 8 CY and then mixed at a high mixing speed for 100 
revolutions at the batch plant.  The concrete was then transported to 
the Test Pad site and dispatched at a medium to high speed.  During 
the second placement of the Test Pad, the concrete was batched with 8 
CY and then mixed at a high mixing speed for 120 revolutions before 
leaving the batch plant.  The concrete was then transported to the Test 
Pad site and dispatched at a medium to high speed. 
 
The concrete in both placements of the Test Pad were both uniform 





4.2 TESTS PERFORMED ON CONCRETE CYLINDERS AND 
ASSOCIATED EQUIPMENT 
 
4.2.1 Compressive Strength Tests 
 
Compressive strength tests, as defined by ASTM C39, Standard Test 
Method for Compressive Strength of Cylindrical Concrete Specimens 
were performed at the intervals shown in Table 4.4. 
 
There were two cylinders made for each lift to experiment with the 
placing of the Static Young’s Modulus and Poisson’s Ratio equipment.  
These cylinders were not tested for strength. 
 
Compressive strength tests were performed by Mactec Engineering 
located in Knoxville, TN using a Forney F250 hydraulic press (Figure 










Table 4.4:  Frequency of Compressive Strength Tests. 




2 2 2 2 2 2 2 2 2 2 10 34* 
 
Note* - There are 34 total samples to be tested.  This number arises from the 30 
samples tested on the days shown above plus the four (4) field samples.  This is 
typical for each lift.  The field cured cylinders were tested at intervals of 7 and 28 
days after placement.  On the second lift there were also 4 additional un-rodded 
samples to be tested at days 7 and 28.   
 
4.2.2 Resonant Column Tests  
 
Resonant Column tests, as defined by ASTM C215, Standard Test 
Method for Fundamental Transverse, Longitudinal, and Torsional 
Resonant Frequencies of Concrete Specimens were performed on 
standard cured cylinders and all field cured cylinders at the intervals 
shown in Table 4.5. 
 
Cylinders were tested for both longitudinal frequencies and Torsional 
frequencies.  Resonant column tests were performed on the standard 
cured cylinders at Mactec Engineering (Figures 4.2 – 4.3, Appendix  
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Table 4.5:  Frequency of Resonant Column Tests. 
Days after Each Placement 1 2 3 4 5 6 7 10 14 21 28 Total
Resonant-column tests required 2 2 2 2 2 2 2 2 2 2 2 22 
 
 
A) and adjacent to the Test Pad for all field cured cylinders (Figures 
4.4 – 4.5, Appendix A) by the University of Texas, Austin. 
 
In both longitudinal and torsional Resonant Column tests, the method 
used was the impact resonance method.  In the impact resonance 
method, as described by ASTM C215, a supported specimen is struck 
with a small impactor, in this case a small hammer, and the specimen 
response is measured by a lightweight accelerometer that is attached to 
the specimen.  The lightweight accelerometer can be clearly seen 
attached to the end of the specimen in Figure 4.3, Appendix A.  The 
accelerometer was fed into a power source that amplified its signal and 
then fed into an Agulent model 35670A analyzer (Figure 4.6, 
Appendix A). 
 
The 24” x 48” long cylinders were tested using the Resonant Column 
Method to attempt to ensure that cylinders containing the large 
aggregate would achieve the required shear wave velocity.  The 24” x 
48” cylinders were not tested for compressive strength. 
 
The longitudinal frequency measured during the Resonant Column 
Method is associated with the propagation of normal stress which is 
related to the longitudinal, or compression, wave, Vp, of the material.   
 
The Dynamic Modulus of Elasticity can be calculated using the 
following expressions (Neville7): 
 
( )22nLEd =ρ  
 
nLVp 2=  
 
where Ed = Dynamic Modulus of Elasticity 
  ρ  = density of concrete 
  n  = longitudinal frequency of the specimen 
  L = length of the specimen 
  Vp = Compression wave, or P-wave, Velocity 
 
These equations imply that the modulus is simply a factor of the 
specimen’s longitudinal frequency and length.  This relationship was 
reported as early as 1877 by Lord Rayleigh11.  Rayleigh11 suggested 
that the relationship between velocity of sound through a medium and 
its modulus of elasticity is of the form: 
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ρ/EV =  
 
During dynamic testing very small strains, similar to the hammer 
tapping used in the Resonant Column Tests, are applied to the test 
specimen.  Because of the absence of significant applied stress, the 
dynamic modulus of elasticity refers to almost purely elastic effects.  
During the testing of static modulus of elasticity, the “stress at which 
the modulus has been determined must always be stated” (Neville7).  
At this stated stress, which is 40 percent of the ultimate strength in 
accordance with ASTM C469, the strain is measured.  From this 
measured strain a secant modulus can be drawn, the slope of which is 
approximately equal to static modulus of elasticity (Figure 4.7, 
Appendix A).  The dynamic modulus is considered to be 
approximately equal to the initial tangent modulus determined in the 
static tests and is, therefore, appreciably higher than the secant 
modulus which is determined by application of load to a concrete 
specimen (Figure 4.7, Appendix A). 
 
The ratio of the static modulus of elasticity to the dynamic modulus, 
which is always smaller than unity, is higher the higher the strength of 
concrete (Neville7).   Thus, as the strength of the concrete increases, 
the ratio between the static modulus and the dynamic modulus 
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approaches unity (Sharma and Gupta13).   
 
This variable ratio of the modulus means that there is no simple 
conversion of the value of the dynamic modulus to the static modulus.  
Various empirical relations, valid over a limited range, have been 
developed.  The simplest of these is (Neville7): 
 
ds EE 83.0=  
 
For Resonant Column tests, based on the calculated average static 
Poisson’s ratio, υ, and the measured compression wave velocity, the 














The torsional frequency measured using the Resonant Column Method 
is associated with the propagation of shear stress and is related to the 
shear modulus of the material as follows: 
 





The shear modulus is related to the shear wave velocity using the 
following expressions (Carino1): 
 





4.2.3 Static Young’s Modulus and Static Poisson’s Ratio Tests 
 
Static Young’s Modulus and Static Poisson’s Ratio tests, as defined by 
ASTM C469, Standard Test Method for Static Modulus of Elasticity 
and Poisson’s Ratio of Concrete in Compression, were performed on 4 
cylinders from lift 1 and 3 cylinders from lift 2.  Four (4) cylinders 
were originally planned to be tested for lift 2.  However, during the 
testing of the second sample, the apparatus malfunctioned and no 
reading was obtained.  The first two tests were performed 
simultaneously with the two compression tests performed on day 7.  
The second two tests were performed on two of the cylinders tested on 
day 28.  A combined compressometer / extensometer was used to 
perform these tests (Figure 4.8, Appendix A). 
 






.3 TESTS PERFORMED ON THE TEST PAD 
.3.1 Spectral Analysis of Surface Wave (SASW) Geophysical Tests 
 
The Spectral Analysis of Surface Wave (SASW) Test was used to 
ASW tests were performed at the intervals shown in Table 4.6 on 
 
Table 4.6:  Frequency of SASW Tests. 
Days after Each Placem 0 14 21 28 Total 
reported by Mactec Engineering and are given in Chapter 5.  Value
obtained from the Static Young’s Modulus and Static Poisson’s Ratio
were compared to the values empirically determined for the Dynamic 
Young’s Modulus and Dynamic Poisson’s Ratio.  This comparison is 




evaluate shear wave velocity of the Test Pad.   
 
S
each placement of the Test Pad by The University of Texas, Austin. 
 
ent 1 2 3 4 5 6 7 1
 
SASW tests 1 1 1 1 1 1 1 1 1 1 1 11 
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The SASW testing technique uses an impact method to measure 
surface, or Rayleigh11, wave frequencies through a mass.  Through 
forward modeling of the results, Shear Wave Velocities can be 
determined.  For most applications, the ratio of surface wave velocity 
to shear wave velocity is considered equal to 0.92.  All values for 
shear wave velocities from this method were provided by The 
University of Texas, Austin after analysis of the data measured during 
the SASW tests. 
 
Three accelerometers were connected to the surface of the Test Pad.  
The first two accelerometers were fed into channel one and two of the 
analyzer (Figure 4.6, Appendix A).  The second accelerometer was 
also fed into channel three using a dual feed connection (Figure 4.9, 
Appendix A).  The third accelerometer was fed into channel four.  An 
impact was then made to the concrete; in this case 2 lb. and 8 lb. 
sledge hammers were used to produce 4’ waves and 6’ waves, 
respectfully.  The Rayleigh11 Wave frequencies were then measured 
for the spacing between accelerometers #1 and #2 and accelerometers 
#2 and # 3, respectfully.   
 
To connect the accelerometers to the surface of the Test Pad, several 
different arrays were placed on each individual lift.  These arrays were 
constructed using quickcrete to form “paddies” of concrete (Figure 
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4.10, Appendix A).  A ¼” x 1” steel lag screw was inserted into the 
center of these “paddies” in order to form a metal surface for the 
accelerometers to mount.  The accelerometers were mounted to the lag 
screws using small magnets to form a strong connection.  Arrays were 
set up in order to allow a 2’ and 4’ wave to be measured and also a 3’ 
and 6’ wave to be measured (Figure 4.11, Appendix A). 
 
On the first lift of the Test Pad there were four (4) arrays placed. The 
arrays were placed from North to South, East to West, South to North, 
and diagonally. 
 
On the second lift of the Test Pad there were six arrays placed.  On the 
vibrated section of the Test Pad there were arrays placed from North to 
South, East to West, and diagonally.  On the un-vibrated section of the 
Test Pad there were arrays placed from North to South and from South 
to North.  One array was placed across the stay-form barrier between 
the vibrated and un-vibrated sections in order to attempt to determine 
the transfer of shear waves across the barrier. 
 
4.3.2 Cross Hole Seismic Tests 
 
Crosshole Seismic Testing, as defined by ASTM D4428, Standard 
Test Methods for Crosshole Seismic Testing, was performed to 
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attempt to ensure measurements made using the SASW tests 
adequately measured shear wave velocity.  Crosshole tests were made 
at the intervals shown in Table 4.7 on the second placement of the Test 
Pad by The University of Texas, Austin. 
 
 The source used to produce the shear waves was a device that used an 
air pressurized system to expand and ensure good contact with the 
crosshole walls (Figures 4.12-4.13, Appendix A).  The source was 
placed at depths of 4.5,’ 2,’ and 1.’ The source was capable of being 
struck downwards and upwards in order to produce shear waves in 
both directions.  One accelerometer was located on the source to note 
the trigger of the wave. The receiver was a coned shaped device, in 
which two accelerometers were mounted (Figure 4.14, Appendix A).  
The receiver was placed at depths to match the depth of the source.  
All accelerometer data were fed into the analyzer (Figure 4.6, 
Appendix A). 
 
Table 4.7:  Frequency of Crosshole Tests. 
Days after 1st  Placement 3 4 5 6 7 10 14 21 28 35 Total 







5.1 RESULTS FROM TEST PERFORMED ON THE CONCRETE 
CYLINDERS 
 
5.1.1 Compressive Strength Tests 
 
Compressive strength test results for standard cured cylinders were 
plotted against time for each lift of the Test Pad.  Each plot separates 
the cylinders per truck of concrete (Figures 5.1 – 5.2, Appendix A). 
 
Compressive strength test results for field cured cylinders were plotted 
against time for both lifts of the Test Pad (Figure 5.3, Appendix A).  
The field cured cylinders were each cured in different manners.  Some 
of the cylinders were often found sitting in a pool of rain water while 
others were dry.  Two cylinders from each lift contained a 
thermocouple embedded at 6” depth in the center of the specimen.  
Possibly for these reasons, the compressive strengths obtained for the 






5.1.2 Resonant Column Tests 
 
Through the use of the expressions explained in Chapter 4, Section 
2.2, the following plots were created to display dynamic modulus of 
elasticity as a function of time from the measurements taken on 
standard cured cylinders cast from lifts 1 and 2 (Figure 5.4, Appendix 
A).    
 
Shear wave velocities were plotted against time from the 
measurements taken on the standard cured cylinders cast from lift 1 
(Figure 5.5, Appendix A) and lift 2 (Figure 5.6, Appendix A) of the 
Test Pad.  Plots of shear wave velocity as a function of time were also 
plotted from the measurements taken on the large cylinders created 
from lift 1 (Figure 5.7, Appendix A) and lift 2 (Figure 5.8, Appendix 
A) of the Test Pad.  Finally, plots were created to display the shear 
wave velocities as a function of time from the measurements taken on 
the field cured cylinders cast from lift 1 (Figure 5.9, Appendix A) and 
lift 2 (Figure 5.10, Appendix A) of the Test Pad. 
 
5.1.3 Static Young’s Modulus and Poisson’s Ratio Tests 
 
The measurement of the Static Modulus of Elasticity was taken on 
four cylinders from the first lift of the test placement and three 
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cylinders from the second placement (Figure 5.11, Appendix A).  
Poisson’s ratio tests were also performed on the same cylinders for lift 
1 and lift 2 (Figure 5.12, Appendix A). 
 
5.2 RESULTS FROM TEST PERFORMED ON THE TEST PAD  
 
5.2.1 SASW Tests 
 
Shear wave velocities of the first and second lifts of the Test Pad were 
determined by SASW Tests over the first seven days after placement 
(Figure 5.13 – Figure 5.14, Appendix A).  Shear wave velocities of the 
un-vibrated section of the second lift were also determined by SASW 
tests over the first seven days after placement (Figure 5.15, Appendix 
A).  All figures and data were reported by Dr. Ken Stokoe16 of The 
University of Texas, Austin. 
 
5.2.2 Crosshole Seismic Tests 
 
Data measured using the crosshole seismic test method were plotted 
adjacent to a trend line developed from the first and second lifts of the 
Test Pad (Figures 5.16 - 5.17, Appendix A).  Crosshole seismic 
measurements provide another set of data to compare to the shear 
wave velocities obtained using the SASW and Resonant Column 
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Methods.  All figures and data were reported by Dr. Ken Stokoe16 of 




DISCUSSION OF RESULTS 
 
6.1 COMPRESSIVE STRENGTH 
 
The specification for the foundation’s MCF requires the compressive strength 
of the concrete to reach 2500 psi in 28 days.  As seen in Figure 6.1, Appendix 
A, the compressive strength of most cylinders reaches this benchmark in less 
than seven days.  The average compressive strength of the standard cured 
cylinders cast from lift 1 and lift 2 of the Test Pad were 3235 psi and 3290 psi, 
respectfully at seven days.  The average compressive strength of field cured 
cylinders at 28 days cast from lift 1 and lift 2 of the Test Pad were 3600 psi 
and 3390 psi, respectfully.  The lowest compressive strength recorded was 
2560 psi.  This particular measurement was from the 28 day strength of an un-
rodded cylinder cast from truck 2 of the second lift of the Test Pad.   
 
The compressive strength of the mix meets and exceeds the requirement of a 








6.2 SHEAR WAVE VELOCITY 
 
All values for shear wave velocities measured using the Resonant Column 
Method are shown in Figure 6.2, Appendix A.  This plot also displays the 
trend lines determined for lifts 1 and 2 using the SASW Method.  The 
crosshole seismic method was used to provide another set of data to compare 
to the shear wave velocities obtained using the SASW and Resonant Column 
Methods.  The data collected using the crosshole seismic test correlated to the 
data collected using the SASW test within approximately 450 fps.   
 
The data displayed in Figure 6.2, Appendix A document that shear wave 
velocity measurements taken on standard cured concrete cylinders correlate 
within approximately 600 fps to the data collected using the SASW method 
for a set amount of days after placement.  Also, field cured cylinders obtain a 
shear wave velocity of approximately 700 fps less than standard cured 
cylinders as a function of time.  Measurements taken using the SASW Method 
from the un-vibrated section of lift 2 are approximately 1000 fps lower than 
the shear wave velocities obtained measuring the consolidated concrete. 
 
The concrete mix designed for the foundation’s MCF as shown through 
testing of the Test Pad develops its properties of stiffness very quickly after 
being placed.  The foundation’s MCF specifies a required shear wave velocity 
of 6000 fps.  All measurements taken by all methods exceed this requirement.   
 
6.3 SHEAR WAVE VELOCITY VERSUS COMPRESSIVE STRENGTH 
 
Desired results for shear wave velocities were obtained from all measured 
concrete (excluding the un-vibrated section and associated cylinders) within 2 
days after placement.  Desired compressive strength results were obtained 
typically within 7 days.   
 
Values obtained for shear wave velocity using the Resonant Column Method 
were compared to compressive strength data from identical samples.  The 
results are shown in Figure 6.3, Appendix A. 
 
By combining these data and introducing a power trend line, an equation 
relating compressive strength to shear wave velocity for the foundations’ 
MCF is found (Figure 6.4, Appendix A): 
 
0.2083 x 1525.8 y =  
 
where y = Shear Wave Velocity, Vs
 x = Compressive Strength, f’c
 
Using the equation stated above, an approximate value for shear wave velocity 
obtained from the minimum required compressive strength of 2500 psi is 




6.4 MODULUS OF ELASTICITY AND POISSON’S RATIO 
 
As discussed in Chapter 4, there are two separate values for the modulus of 
elasticity.  The static modulus of elasticity can be measured using the methods 
discussed in Chapter 4 or empirically determined using the expression 
recommended by ACI 318-02: 
 
( ) 5.05.1 '33 cc fE ρ=  
 
The dynamic modulus of elasticity is determined using the Resonant Column 
Method discussed in Chapter 4. 
 
Corrected and uncorrected values for dynamic modulus of elasticity, obtained 
using the resonant column method, are compared to the measured and 
empirically determined values of static modulus in Figure 6.5, Appendix A. 
 
The values obtained using the equation recommended by ACI 318-02 are 
conservative.  The values obtained performing static Young’s Modulus tests 
are approximately 19% less than the values obtained for the corrected 
dynamic Young’s Modulus.  The uncorrected dynamic modulus of elasticity is 
approximately 20% higher than the corrected values.   
 
As described in Chapter 4, the ratio of the static modulus of elasticity to the 
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dynamic modulus is higher as the concrete gains strength (Neville7).  This 
relationship has been developed for high-strength concretes (Figure 6.6, 
Appendix A). 
 
Based on the corrected dynamic modulus of elasticity and the values obtained 
from static testing, a similar plot was created using data from the Test Pad 
(Figure 6.7, Appendix A). 
 
Values using the equation derived by Sharma and Gupta13 in 1960 for a high 
strength concrete of unknown mix proportions are within an average of 7% of 
the values obtained using the equation shown in Figure 6.7, Appendix A, 
between the static modulus values of 3 x 106 and 6 x 106.   
 
As the strength of the concrete in the Test Pad increases, the ratio of static 
modulus of elasticity to dynamic modulus of elasticity approaches unity. 
  
Static and dynamic Poisson’s ratio data obtained from the Test Pad show 
similar characteristics to the static and dynamic moduli.  Dynamic Poisson’s 







The purpose of the Test Pad was to provide evidence of the static and dynamic 
properties of a concrete placement identical to the one that will be used for the 
foundation’s MCF as a function of time.   
 
All tests performed and data recorded from the Test Pad indicate that, if the 
foundation’s MCF is placed in a way similar to the concrete as placed in the Test Pad, 
the performance of the foundation’s MCF will be within acceptable ranges with 
regard to geophysical performance.  The foundation specifications require a shear 
wave velocity of 6000 fps and a compressive strength of 2500 psi.  All data found for 
shear wave velocity and compressive strength meet and exceed these requirements.   
 
The data gathered during the testing of the Test Pad ensure that these specifications 
will be met during the placement of the foundation if an identical concrete mix is 
used and the placement and curing methods are similar.  The test results document 
that the compressive strength of the concrete mix is correlated to the concrete’s 
physical properties of Shear Modulus, G, and Young’s Modulus, E, as a function of 
time.  The data collected from the Test Pad, and subsequent tests on the Test Pad, 
ensure that the shear wave velocity of the MCF can be determined and controlled by 
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Figure 3.1 - Excavation for the Test Pad Displays a 20’ x 20’ First Lift and a 26’ x 





Figure 3.2 - During the Second Placement of the Test Pad, the Section Shown on the 









               

















































































Figure 4.6 – An Agulent Analyzer was used to Interpret All Data from 











Figure 4.8 – Combined Compressometer / Extensometer Apparatus used for Young’s 





Figure 4.9 – Accelerometer 2 was Fed into Channels 2 and 3 of the Analyzer using a 










Figure 4.11 – Basic Configuration for SASW testing.  For the Test Pad, Distances 



















Figure 4.14 – Receiver for Crosshole Seismic Tests. 
 
































Figure 5.1 – Compressive Strength of Standard Cured Cylinders Versus Time from Lift 1 of the Test Pad. 
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Figure 5.2 - Compressive Strength of Standard Cured Cylinders Versus Time from Lift 2 of the Test Pad.  Cylinders Cast from Trucks 
1 and 2 were Unrodded. 
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Compressive Strength vs. Time 
Field Cured Cylinders 

































Figure 5.3 – Compressive Strength of Cylinders Cured in the Field Adjacent to the Test Pad. 
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Dynamic Modulus of Elasticity vs. Time 




























Figure 5.4 – Dynamic Modulus of Elasticity Measured using the Resonant Column Method on Lifts 1 and 2 from the Test Pad. 
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Shear Wave Velocity vs Time 
Resonant Column Method 






























Figure 5.5 – Shear Wave Velocities Measured using the Resonant Column Method from Lift 1 of the Test Pad. 
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Shear Wave Velocity vs. Time 
Resonant Column Method
































Figure 5.6 – Shear Wave Velocities Measured using the Resonant Column Method from Lift 2 of the Test Pad. 
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Shear Wave Velocity vs Time 
Resonant Column Method 





























Shear Wave Velocity vs. Time 
Resonant Column Method 































Shear Wave Velocity vs Time 
Resonant Column Method 































Shear Wave Velocity vs. Time 
Resonant Column Method 































Static Modulus of Elasticity vs. Time 




























Figure 5.11 – Measurements of Static Modulus of Elasticity from Standard Cured Cylinders from Lifts 1 and 2 of the Test Pad. 
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Poisson's Ratio vs. Time 
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NW - SE and SE - NW
Trend Line for Time    3 day:
Vs = 7635 fps + 113 fps/day * Time (days)
Preliminary Results
First Layer ( Feb 5 - Feb11 )
 
 
Figure 5.13 – Shear Wave Velocities of Lift 1 of the Test Pad as Determined by the 





Second Layer ( Feb 12 - Feb18 )
Average Vs from crosshole 
seismic tests at day 10
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NW - SE and SE - NW
Trend Line for Time    3 day:
Vs = 7833 fps + 90 fps/day * Time (days)
 
 
Figure 5.14 - Shear Wave Velocities of Lift 2 of the Test Pad as Determined by the 
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Trend Line for Time    3 day:
Vs = 6970 fps + 80 fps/day * Time (days)





Figure 5.15 - Shear Wave Velocities of the Un-vibrated Section of Lift 2 of the Test Pad 





Figure 5.16 - Comparison of the Shear Wave Velocity Trend Line Developed from the 
SASW Testing Performed on Lift 1 of the Test Pad to the Average Shear Wave Velocity 








Figure 5.17 - Comparison of the Shear Wave Velocity Trend line Developed from the 
SASW Testing Performed on Lift 2 of the Test Pad to the Average Shear Wave Velocity 


































Lift 1 - Standard Cured
Lift 2 - Standard Cured
Lift 1 - Field Cured
Lift 2 - Field Cured
Lift 2 - Unrodded
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Figure 6.1 – Compressive Strength Results from Cylinders Cast from the Test Pad. 
 
Shear Wave Velocity vs. Time
Resonant Column Method and SASW Method
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SASW - Lift 1
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Figure 6.3 – Shear Wave Velocity Versus Compressive Strength. 
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Figure 6.4 – Power Trend Line Derived from All Shear Wave Velocities Measured using the Resonant Column Method Versus 
Compressive Strength Data. 
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Measured Static, Calculated Static, Measured Dynamic, and Corrected Measured Dynamic 
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Figure 6.6 – Relationship of Static Modulus of Elasticity and Ratio of Static to Dynamic Moduli (Sharma and Gupta13). 
99 
 
Ratio of Static Modulus of Elasticity to Dynamic Modulus of Elasticity 
vs. Static Modulus of Elasticity
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Figure 6.7 – Relationship of Static Modulus of Elasticity and Ratio of Static to Dynamic Moduli Obtained using Data Collected from 
the Test Pad. 
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Figure 6.8 – Values Obtained from Standard Cured Cylinders from Lifts 1 and 2 of the Test Pad for Static Poisson’s Ratio are 















APPENDIX B - TABLES 
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Table 3.1:  Concrete Data for the First Placement of the Test Pad. 
 






1 3.25 154.8 0.537 55 
2 3.50 154.0 0.535 55 
3 2.75 155.0 0.529 56 
4 2.75 153.8 0.530 55 
5 3.75 153.4 0.539 56 
6 2.50 154.2 0.532 56 





Table 3.2:  Concrete Data for the Second Placement of the Test Pad. 
 






1 2.00 154.0 0.518 55 
2 0.50 154.2 0.523 55 
3 2.00 154.0 0.510 56 
4 4.00 153.6 0.533 56 
5 4.00 153.8 0.536 55 
6 4.00 154.0 0.524 55 
7 4.00 153.4 0.540 57 
8 4.00 153.6 0.535 55 




Table 4.1:  Material Proportions per Cubic Yard of Concrete. 
 
Material lbs. Volume (ft3) 
Cement 260 1.32 
Fly Ash 140 0.90 
Sand 1091 6.33 
#1 Stone 1548 8.86 
#57 Stone* 1032 5.91 
Air (1.00% Entrapped) - 0.27 
Water (gallons) – 25.5 212.67 3.41 
Total 4283.67 27.00 
 
*Note: #57 Stone is defined as aggregate ranging in size from 1 in. to No. 4 by 
ASTM C33. 
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1          1/10/05 10+ 10 2.75 18 150 160 190 328 S
2           1/10/05 10+ 9 2.25 18 120 130 160 228 MF
3           1/10/05 10+ 9 3 18 150 160 190 300 M-F
4           1/11/05 10+ 10 1.75 11 120 146 180 307 M
5          1/11/05 10+ 10 2.5 14 120 128 180 300 M-MF-M
6          1/11/05 10+ 10 2.25 16 120 134 180 280 MF 
7           1/12/05 10+ 10 3 14.5 120 131 172 252 S-M
8           1/12/05 10+ 10 2.75 14.5 150 158 200 297 MF
9           1/12/05 10+ 10 2.25 14 120 130 170 296 MF




General Notes:  
Trials 1 thru 6 -- Water addition sequence of 90% at front, 10% at back. 
Trials 7 and 8 -- Water addition sequence of 70% at front, 30% at back. 





Table 4.3:  Results from Contractor Trial Batches. 
 
Trial Result 
1 Overall gradation within mix pretty good, tail end slightly wetter and somewhat 
smaller rock. 
2 First third smaller rock, middle third larger rock, tail end wet smaller rock. 
3 Overall gradation within mix very good, with good paste throughout. 
4 Overall gradation within mix pretty good, middle third more large #1's than front 
or back, front half drier than last half. 
5 Front half good paste, not as much large #1's, second half more large #1's, 
slightly drier, then wetter at the last yard. 
6 Front third good paste, not as much large #1's, middle third more large #1's and 
drier, last third very wet and less larger #1's. 
7 Overall gradation within mix pretty good, small batch of large aggregate at first 
discharge, good paste first half, middle of load large #1's and drier, last yard 
loose with push of large #1's at the very last. 
8 Overall gradation within mix ok, first half slightly dry, large slug of large #1's at 
just past midpoint, last one yard to two yards loose. 
9 Overall gradation very good, first two thirds good paste, last one yard to two 
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